ABSTRACT A full-freedom wireless power transfer for spheroid joints is proposed to solve the problem of power transmission between the caput-articularis and the acetabulum in a spheroid joint. According to the characteristics of the spheroid joint, a hemispherical coil and a spherical coil are designed having no effect on the performance of the joint. Hemispherical and spherical magnetic cores are used to optimize the magnetic field distribution of the transmitter and receiver coils to reduce the electromagnetic influence on the external environment of the acetabulum and the internal environment of the caput-articularis during the power transmission process. Practical results obtained from a hardware prototype are included. They confirm that the maximum transmission efficiency of the designed system is 91%, and the transmission efficiency is always higher than 80% when the caput-articularis rotates freely.
I. INTRODUCTION
The wireless power transfer (WPT) technology can perform non-contact power transmission with the electromagnetic field as a medium [1] - [3] . This has many significant advantages: 1) overcoming the inherent defects of wire media, 2) improving the safety of power transmission, and 3) increasing the flexibility of electrical equipment [4] . In recent years, it has become a hot topic in the field of engineering applications, and has been widely used in many fields, such as implant equipment, robots, unmanned aerial vehicles, electric vehicles, etc. [2] , [3] , [5] , [6] .
The WPT structures used in different fields are varied. The most common form is the directional WPT structure, composed of two spiral coils or helix coils. In this structure, relay coils are often used to increase the transmission distance, and magnetic cores are added for the enhancement of the transmission efficiency [7] , [8] . They are shown in Fig. 1 . Directional WPT is mainly used for directional power supply of a single device. It has the advantages of high transmission efficiency and long transmission distance. However, with the increase of electrical equipment, many devices will be installed in a limited space. To meet the power need of many electrical equipment at the same time, a one-to-many WPT structure was proposed [4] , [9] - [11] , as shown in Fig. 2 . Fig. 2(a) shows a 2D planar, one-to-many WPT structure [9] . In the plane, the devices can be wirelessly charged at the same time. Fig. 2 (b) shows a one-to-many form in three dimensional space, which can satisfy the simultaneous power supply for a number of devices at any location [4] , [10] . There is also a kind of WPT structures designed for special situations, as shown in Fig. 3 [12] - [14] . Fig. 3 (a) shows a bowlshaped coil structure that can achieve a uniform magnetic field distribution in the limited space inside the coil. It can provide power for portable devices regardless where they are located in the bowl-shaped coil. Another structure is a coaxial coil shown in Fig. 3 (b) . The transmitter and receiver coils are coaxial, but with different radii. It is mainly used for wireless energy transmission at the rotating shaft.
A large number of different WPT structures have been studied, but few researchers have focused on the WPT structure for spheroid joint [15] , [16] . The spheroid joint composed of two parts is a synovial joint, and it is the most flexible joint. The movable end is a ball (the caput-articularis) that can be inserted into the groove of the fixed end (the acetabulum). The caput-articularis can be rotated and turned in all directions. Many joints of the human body are spheroid joint to ensure the flexibility of the human body movement. Fig. 4 (a) shows one spheroid joint of human which is the hip joint. Spheroid joints are also widely used in the industry to increase the flexibility of the connection, such as camera base, piston and so on, as shown in Fig. 4 (b) . In industrial applications, power is usually transmitted between the caputarticularis and the acetabulum, and the wire is the most common medium for the power transfer. If the wire is laid along the surface of a spheroid joint, it needs to reserve enough length to ensure the flexibility of the spheroid joint. In theory, only when the reserved wire is infinitely long can the flexibility of joint rotation be guaranteed. This will lead to waste of wires and other problems. If power is transmitted through the caput-articularis and the acetabulum, the reserved wire can be shortened. However, due to the high flexibility of the spheroid joint, the internal wires are often twisted and bent, which will greatly reduce the life of the wires, accelerate the insulation loss of the wires, and even lead to electric leakage accidents. The bowl-shaped coil [13] . (b) The coaxial structure coil [14] . In this paper, based on the non-contact power transmission characteristics of WPT and the requirements of the spheroid joint power transmission, a full-freedom WPT system suitable for spheroid joint is proposed. The WPT coils are embedded in the caput-articularis and the acetabulum. The receiver coil is approximately spherical. It can make sure that the caput-articularis receives power wherever it rotates to. In order to increase the area of the transmitter coil and improve the transmission efficiency, the acetabulum coil is designed to be hemispherical.
II. THE WPT STRUCTURE OF THE SPHEROID JOINT A. THE CHARACTERISTICS OF THE SPHEROID JOINT AND THE REQUIREMENT OF THE COIL
The spheroid joint is highly flexible and can rotate in all directions, as shown in Fig. 5 . It has some unique features in its rotation.
1) The acetabulum is an approximate hemisphere, and the area of its package is lightly greater than that of a hemisphere. That is, the angle α from one point of the ball-and-socket section (YOZ plane) to another point is about 180 • , as shown in Fig. 5(b) . 2) The caput-articularis can freely rotate in the vertical direction (that is, the X-axis or Y-axis is used as the rotation axis). The swing angle is not more than 60 • , that is β ≤ 60 • , as shown in Fig. 5 (c).
3) The caput-articularis can also rotate in the horizontal plane (that is, the Z axis is used as the rotation axis) without any angle limiting. That is γ = 360 • , as shown in Fig. 5 (d) . The full-freedom WPT for spheroid joint cannot change its original structure. The performances also cannot be affected, including its flexibility, the internal environment of the caputarticularis and the external environment of the acetabulum.
So the receiver coil and the transmitter coil of the spheroid joint must have the following characteristics:
1) The transmitter coil will be implanted in the acetabulum and cannot change the original shape of the acetabulum. The coverage area of the transmitter coil is as large as possible to increase the transmission efficiency. Therefore, a hemispherical coil with a section rotation angle α ≤ α is designed for the transmitter as shown in Fig. 6 (a) ; 2) The receiver coil also cannot make effect on the shape of the caput-articularis. Additionally, it must ensure that the caput-articularis swings to any position in the vertical direction (the X-axis or Y-axis is used as the center axis) can receive enough power. So the spherical coil is the best choice, and it can be embedded in ball head. The coil needs to meet the section rotation angle β ≥ 2β + 180 • , as shown in Fig. 6 (b); 3) When the caput-articularis rotates in the horizontal plane (that is, the Z axis is used as the rotation axis), the WPT must ensure the efficiency and the stability of power transfer, and reduce the influence of electromagnetic field. The magnetic field distribution inside the transmitting coil should be as uniform as possible, and it inside the caput-articularis and outside the spheroid joint are supposed to be as small as possible.
B. THE COILS FOR THE SPHEROID JOINT
There are two ways for the coils to be made when its outline characteristics are determined. One is that the adjacent turns of the coils are equal in pitch, and the other is that the adjacent turns of the coils are equal in vertical height. Fig. 7 shows the models of the coils coiled built in different ways. Magnetic fields have a certain impact on human tissues and other electronic devices [17] , [18] . In order to reduce this influence on human tissues and the surrounding environment, and improve the transmission efficiency, the coils are usually optimized by adding magnetic cores. The Transmitter coil of the spheroid joint needs to focus the magnetic field within the coil as much as possible for the receiver coil to receive, while reduces its impact on the surrounding environment. So the magnetic core of the transmitter coil is also a hemisphere, and installed outside the coil, as shown in Fig. 8(a) . The magnetic core of the receiver coil is to reduce the influence of the magnetic field on the interior of the caput-articularis. It can't hinder the power reception. Therefore, it is located inside the coil and has the same shape as the receiver coil. Fig. 8(b) shows the coils with magnetic cores. Fig.9 shows the equivalent circuit of WPT. The resonant frequency of the coil is adjusted by adding a compensation capacitor to the transmitter coil and the receiver coil. The transmission efficiency is maximizing when the operating frequency of the transmitter coil and the receiver coil is at or near the resonance frequency [4] .
C. THE SELF-INDUCTANCE AND MUTUAL INDUCTANCE
where η is the transmission efficiency of WPT, k is the coupling coefficient, ω is the resonance frequency, M is the mutual inductance, Q t , Q r , R t and R r are the quality factors and resistances of the transmitter coil and receiver coil, respectively. The operating frequency of the coil, that is, the output frequency of the high frequency AC source, is usually determined when the WPT is designed. To improve the transmission efficiency, the mutual inductance between the transmitter coil and the receiver coil is mainly optimized. The WPT coils in the spheroid joint are helixes with a non-linear change in diameter. They can be approximately equivalent to a series of single-turn circular coils with different diameters. When the ball-and-ball joint rotates, the position of the equivalent single coils in the transmitter coil and the receiver coil are in a noncoaxial non-parallel state, as shown in Fig. 10 . According to the Neumann formula, the mutual inductance between the two coils can be obtained [19] .
where R = (R 1 cos θR 2 cos φ)
where µ 0 is the permeability of vacuum, R 1 and R 2 are the radii of the transmitter coil and the receiver coil respectively, and the α is the angle between the plane of the two coils, θ is the angle between the line connecting the micro-element dθ in the receiver coil and the center of the circle and the X'-axis, φ is the angle between the line connecting the micro-element dφ in the transmitter coil and the center of the circle and the X-axis, h 12 and t 12 are the vertical distance and horizontal distance between the center of the transmitter coil and the receiver coil.
For the single turn circular coil, its self-inductance can be expressed as the following expression [6] .
where R is the radius of the single turn coil, r is the radius of the wire. When magnetic cores are added to optimize the coils, that is the magnetic permeability of a partial magnetic circuit is improved. The mutual inductance and the self-inductance are
where δ L and δ M are the ratio of the optimized path to the magnetic path. For a coil composed of many single-turn circular coils, the self-inductance of the coil includes the self-inductance of all the single-turn coils and the mutual inductance between the single-turn coils. Hence the self-inductance of the single layer N-turn coils can be expressed as
where h is the distance between two adjacent single-turn coils, κ ij = 1 when i = j, otherwise, κ ij = 0.
Assume the angle between any single-turn circular coils in the transmitter coil and that in the receiver coil is α when the caput-articularis rotates to a certain position. The mutual inductance is
where h and h are the distance of two adjacent single turn coils in the transmitter and receiver coils respectively, and h is the distance between the transmitter coil and the receiver coil center. 
III. THE OPTIMIZATION DESIGN OF SYSTEM PARAMETERS
A. THE TRANSMITTER COIL Fig. 11 shows the magnetic field distribution of the four transmitter coils when the current of the coil is 10A. It can be seen that the magnetic field distribution can be enhanced by adding magnetic cores in the coil, and reduced outside the coil, especially under the coil. the magnetic field of the transmitter coil on the outside area of the coil is about one order of magnitude lower than that of the coil without magnetic cores. The way of adding a magnetic core gathers more magnetic fields for power transmission, and reduces the influence of the magnetic field on the surrounding environment, which is in line with the requirements put forward for the coil.
The function of the transmitter coil is to convert the electric field energy into the magnetic energy for the reception by receiver coils. In the spheroid joint, it is also necessary to ensure that the power received by the receiver coil is as stable as possible when the caput-articularis is freely rotated (that is, the receiver coil rotates). For the transmitter coil with equal pitch between adjacent turns with a magnetic core, its magnetic field is distributed in a ladder shape within the coil, and the magnetic field intensity at the bottom is much higher than that at the top. For the transmitter coil with equal spacing between adjacent turns in vertical height with a magnetic core, the distribution of the magnetic field is also similar to a ladder. However, near the inner position of the transmitter coil (that is, the position of the receiver coil), the magnetic field distribution is more uniform than that of the coil with equal pitch between adjacent turns. In other words, when the receiver coil rotates, the magnetic field distribution intensity at the position of the receiver coil changes less, and the receiver coil can receive power more stably. Hence it is more suitable for the power transmission of the spheroid joint. Table 1 shows the parameters of the transmitter coils with equal spacing between adjacent turns in vertical height with a magnetic core. The coil is coiled with 0.1 * 300 Litz wires to reduce the skin effect under high-frequency AC excitation. The magnetic core is made of many 3 * 15mm small magnet bars. In order to overcome the influence of the gap left during the splicing, the thickness of the magnetic core is thicker than that in the simulation design. In addition, since the magnetic core with small pieces can cut off the eddy current path, the eddy current loss will reduce. Fig. 12 shows the transmitter coil and the magnetic core. Fig. 13 shows the mutual inductances between four types of receiver coils and the transmitter coil with equal spacing between adjacent turns in vertical height with a magnetic core. The distance between the transmitter coil and the receiver coil is about 5mm. Fig. 14 shows the magnetic field distribution. It can be seen that the mutual inductances between the transmitter coil and the receiver coils can be obviously improved by adding magnetic cores, and the magnetic cores can effectively reduce the magnetic field intensity inside the caput-articularis and the influence on the internal environment of the caput-articularis. Therefore, the receiver coil also uses a magnetic core for the structural optimization.
B. THE RECEIVER COIL
The receiver coil is located in the caput-articularis. It will rotate in all directions, as shown in Fig. 5 . All rotations can be decomposed into horizontal rotation (with Z axis as the revolving central axis) and rotation in the vertical direction (with X axis or Y axis as the revolving central axis). In the process of rotation, the receiver coil must not only receive power, but also maintain the stability of the received power as much as possible, that is, the change of the mutual inductance between the two coils is as little as possible. Fig. 15 shows the mutual inductances of the two coils with magnetic cores when receiver coils rotates with the Z axis and the X axis as the central axis respectively. It can be seen that the mutual inductances are almost constant during the rotation in the horizontal plane. When the caput-articularis rotates in the vertical direction, the changes of the mutual inductances are the same. However, whether the caput-articularis rotates in horizontal or vertical direction, the mutual inductance between the transmitter coil and the receiver coil with equal spacing between adjacent turns in vertical height with a magnetic core (D with a magnetic core) is larger than that with equal pitch between adjacent turns with a magnetic core. That is to say, the receiver coil with equal spacing between adjacent turns in vertical height with a magnetic core (D with a magnetic core) has higher transmission efficiency and better performance. Table 2 shows the parameters of the receiver coil with equal spacing between adjacent turns in vertical height with a magnetic core. The wire and magnetic core material are the same as the transmitter coil. According to the design parameters, the magnetic core and the receiver coil with a magnetic core have been made as shown in Fig. 16 .
IV. EXPERIMENT
The experiment platform, as shown in Fig. 17 , is built to measure the transmission efficiency and transmission power of the full-freedom WPT for the spheroid joint. The DC input voltage is adjusted to change the input power. Fig. 18 shows the relationship between the transmission efficiency and the 10V to 40V, the transmission efficiency of the system keeps increasing, but the increasing rate goes down. After the DC input voltage reaches 40V, the transmission efficiency is stable at around 91%. The reason is when the input power is small, the loss of the system accounts for a large proportion of the total power. When the input power grows continuously, the proportion of this part keep dropping until it becomes stable. At this time, the transmission efficiency will be constant.
According to the theoretical analysis, all movements of the spheroid joint can be divided into the combinations of rotations with the Z-axis and X-axis (or Y-axis) as the central axis. When the caput-articularis coil rotates with Z axis and X axis as the central axis, the transmission power and transmission efficiency are tested, as shown in Fig. 19 .
The transmission power and transmission efficiency are almost not affected when the caput-articularis coil rotates with the Z axis as the revolving central axis, as shown in Fig. 19 (a) . The transmission efficiency is about 91%. From Fig. 19(b) , when the rotation angle is changed from −80 • to 0 • , the transmission efficiency continuously goes up. It reaches a maximum at 0 • , which is about 91.5%. But the increasing rate of the transmission efficiency keeps dropping. The transmission power enlarges during the rotation angle ranges from −80 • to −50 • , and diminishes from −50 • to 0 • . When the rotation angle is −50 • , it reaches the maximum. This is because, when the rotation angle changes from −80 • to 0 • , the mutual inductance between the two coils continuously increases, as shown in Fig. 15(b) . The transmission efficiency will rise with the mutual inductance. When the rotation angle is in the range of −80 • and −50 • , the WPT for spheroid joint is in deficient coupling state. The transmission power goes up with the rise of the mutual inductance. While in the interval [−50 • , 0 • ], the WPT is in the state of excess coupling. The transmission power will go down. In addition, it can also be seen that the transmission efficiency and the transmission power are symmetrically distributed in the range of the rotation angle from −80 • to 0 • and from 0 • to 80 • . The transmission efficiency is always higher than 80% when the caput-articularis rotates freely.
V. CONCLUSION
A full-freedom WPT for spheroid joint is presented in this paper. Based on the characteristics of spheroid joint, the corresponding performance requirements of coils are formulated. Through the theoretical analysis and simulation comparison, the hemispherical and spherical coils with equal spacing between adjacent turns in vertical height are selected for spheroid joint. By adding the hemispherical and spherical magnetic cores, the magnetic field distributions of the coils are optimized, and the electromagnetic effects of the external and internal environment are reduced. Finally, a corresponding experimental platform is built to verify that the transmission efficiency of the system is about 91%. The transmission efficiency with the X axis (or Y axis) as the central axis is kept above 80%. It meets the requirements that the spheroid joint can receive stable power in any state. The full-freedom WPT proposed in this paper provides a new way for the power transmission between the caput-articularis and the acetabulum in the spheroid joint.
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